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Executive Summary 
A hydrogeological study of a sequenced permeable reactive barrier (PRB) was undertaken by environmental 
engineering student, Daniel Kirby, in fulfilment of the final year engineering thesis unit, ENG460 - Engineering 
Thesis, at Murdoch University, Perth, WA. The project was conducted in collaboration with Golder Associate. 
The study was conducted at contaminated site located in Bellevue, WA. In 2001 a large explosion and 
chemical fire occurred at a liquid waste treatment and recycling facility located at the site, in response to this 
contamination Golder Associates designed and installed a PRB treatment system in 2010. A permeable 
reactive barrier is a groundwater treatment design, which makes use of the natural groundwater flow to 
channel contaminants through an engineered in-situ treatment area. This treatment system was designed to 
consist of two different and separate barriers filled with two different reactive material. The first contains 
sawdust used to treat nitrates through the microbial process of denitrification. The second contains Zero 
Valent Iron (ZVI), a non-toxic granular material used to treat chlorinated solvents in the groundwater. The 
objective of this project was to study flow paths of the PRB at the contaminated site and identify potential 
for flow to bypass the PRB treatment system. Achieving this objective involved analysing groundwater level 
data from pressure transducers and previous historical monitoring rounds. In addition to the water level 
analysis, two tracer studies were conducted at two different locations at the site. The tracer studies involved 
using the organic dye fluorescein to further understand the flow paths of the site and to validate suspected 
flows that may bypass the PRB treatment system. The two tracer studies developed for use in this thesis were 
designed based on a literature review on relevant topics, and through liaising with academic staff at Murdoch 
University and the project manager at Golder Associates. The first tracer study aimed to validate 
contaminated flow that directly bypasses the ZVI barrier. The second tracer study, conducted at the centre 
of the PRB system, aimed to provide information on the lateral water movement and dispersivities through 
the PRB treatment system. The results of the groundwater level assessment identified areas that potential 
flow bypassing the treatment system could be present, the area of concern was identified to be the south-
western portion of the PRB treatment system. The tracer study that was conducted within this area failed to 
validate the bypass, the source of this failure has been attributed to an error in the selection of the injection 
and monitoring wells. The second tracer study which was conducted at the centre of the PRB treatment 
system. The data obtained from the second study did not provide the ideal result as no significant tracer 
concentration was detection in the monitoring wells. A number of reasons for the lack of tracer detection 
have been discussed, including a lack of connectivity between injection and monitoring wells due to the 
presence of impermeable clay layers.  It has been acknowledged that there is insufficient data collected 
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 LITERATURE REVIEW 
1.1 Permeable Reactive Barriers 
Permeable Reactive Barrier (PRB) systems have developed into a standard within the remediation 
industry since their first implementation in the early 1990s. PRB systems are in-situ permeable 
treatment zones designed to intercept and remediate contaminated groundwater plumes (ITRC, 
2011). The barriers are designed with reactive or adsorptive medium that treat the contaminants 
within the plume (EPA, 1999). The technology continues to develop through the emergence of new 
reactive material and innovative design in construction of these systems (ITRC, 2011).  
 
1.1.1 Permeable Reactive Barrier Treatment Processes 
PRB systems primarily treat contaminants through either the process of transformation or 
immobilisation. Transformation is achieved through the transformation of contaminants into a non-
toxic product. Immobilisation primarily involves either the sorption to the reactive medium or 
precipitation from the dissolved phase (Scherer et al, 2000).  
 
1.1.2 Reactive Material 
 Chemical Reaction Barrier  
The selection of reactive material will be dependent on the contaminant that requires treatment. The 
use of granular zero-valent iron (ZVI) as a reactive material within chemical reaction barriers has been 
extensively utilised since the first application of the PRB technology. This material continues to be a 
common selection for remedial project managers due to its ability to remediate chlorinated solvent 
contamination (Ott, 2000; ITRC, 2011). During contact with ZVI, chlorinated volatile organic carbons 
(CVOCs) degrade to non-toxic products (ITRC, 2011; Gillham and O’Hannesin, 1994). This abiotic 
process is achieved through the oxidation of the ZVI and the reduction of the dissolved CVOCs, which 
results in a highly reducing condition promoting the process of dehalogenation, in which a chlorine (or 
other halogen) atom is substituted for a hydrogen atom within the CVOC molecule (ITRC, 2011).  
Further options for reactive materials for chemical barriers include metals: magnesium, tin, and zinc 
(Scherer et al, 2000). 
  
 Biological Barriers 
Biological barriers utilise microbial biomass to remediate groundwater. The microorganisms assist in 
redox reactions either by oxidising highly reduced environmental pollutants such as petroleum 






 Surfactant Modified Zeolites 
Naturally occurring material such as clays and zeolite have high capacity for ion exchange, particularly 
cation exchange. The cation exchange process involves by substituting lower-valent cations with 
higher-valent cations.  Modifying clays and zeolites with sorbed surfactants can change the affinity of 
these materials for anion and non-polar organic compounds. Because of the large sorption capacities, 
the surfactant modified zeolites (SMZ) and clays provide an ideal material for treating non-polar 
organic contaminants. Although the low permeability of clays makes them unsuitable for use in in-situ 
designed barriers, zeolites maintain high hydraulic conductivity and thus are a viable option within 
PRB systems (Scherer et al, 2000). 
 
1.1.3 Contaminated Plume Bypass in Permeable Reactive Barriers 
In the PRB related studies by Naftz et al (1999), Ott (2000) and others, issues of groundwater plumes 
bypassing PRB systems are discussed. A cause of bypass has been attributed to season recharge events 
which cause contaminated plumes to bypass the PRB systems (Ott, 2000). Tracer studies have the 
ability to evaluate the permeability of PRB systems and may indicate if groundwater bypassing the 
system may be occurring (ITRC, 2011).  A PRB system was closely monitored in Laase (2000), the results 
were then modelled and presented by Elder, Benson, and Eykholt (2002) which raised the problem of 
potential flow bypass (ITRC, 2011). A means validating whether contaminated groundwater plumes 
are flowing can be achieved through the implementation of groundwater tracer (Davis et al, 1980). 
Groundwater tracer studies can be introduced into ground 
water treatment systems to identify potential contaminated plume bypass. 
 
1.2 Groundwater Tracers 
 
1.2.1 Tracer Tests in Hydrogeology  
Tracer tests are commonly utilised in hydrology studies to determine the hydraulic conductivity, and 
porosity and dispersivity, as well as provide information on the potential contaminants that can be 
transported by water (Davis et al, 1980). Tracers are matter or energy that is carried by the water and 
can provide information in regards to the direction and velocity of groundwater movement. Tracers 
can either be introduced through injection methods or naturally present in the groundwater (Davis et 
al, 1980).  
 
1.2.2 Sources of Failure in Tracer Tests 
Common sources of failure of tracer tests can be attributed to the selection of an unsuitable tracer, 





being studied (Davis et al, 1980). Tracers can be considered unsuitable if the tracer selected is not 
stable in the groundwater conditions; not easily detected in the groundwater; or is sorbed easily on 
solid media consequently resulting in the tracer not reaching its destination within a reasonable 
timeframe (Davis et al, 1980). A lack of understanding of the hydraulic system can result in an 
inaccurate estimation of the flow direction and ultimately lead to the tracer missing the sampling 
point. Dilution can be a further issue that can influence the concentration and result in the tracer being 
below the detection concentration (Davis et al, 1980). An ideal tracer is in-expensive, non-harmful to 
the environment, moves with the water, is detectable in trace amounts, does not interfere with the 
natural direction of the flow of water, is chemically stable, and is neither filtered nor sorbed by the 
solid medium (Davis et al, 1980). 
 
1.2.3  Ionised Substances   
 
Ionised substances are a common conservative groundwater tracer. Advantages include low cost, easy 
detection and generally low sorption tendencies (Davis et al, 1980). The method involves producing 
an ionic substance though dissolving a large amount of salt in water. The aim of this method is to 
increase the concentration of the ionic substance in the water, or significantly increase the electrical 
conductivity of the water. Issues often arise as concentrations are greater than the groundwater and 
tend to sink this, resulting in the tracer inaccurately representing the natural flow path of the water 
(Davis et al, 1980). The most popular salts employed as a tracer are chloride and bromide, while other 







Bromide is often regarded as the ideal option as a general tracer due to its relative low toxicity, 
sorption by cation exchange, relatively low natural abundance when compared to other ions (Lundy, 
2009; NABIR accessed 2015). In comparison it occurs approximately 1/300 that of chloride (Davis et 
al, 1980). A tracer concentration of 1000 mg/l would allow a dilution of 104 possible before it is 
undetected due to background concentrations (Davis et al, 1980). Bromide can be detected with 
relative ease in field with specific ion electrode which will have a lower limit of detection of about 
0.05mg/litre. This allows for a high dilution with a possibility of detection, a tracer concentration of 
1000mg/l would allow a dilution of 104 possible before it is undetected due to background 





reactive (Lundy, 2009). Cowie (2014) provides a good example of the robust nature of bromide, 
demonstrating the successful use of bromide as a tracer in acidic conditions. Bromide tracer tests have 
been conducted previously in permeable reactive barrier sites presented by NABIR, the tracer study 
aimed to establish flow paths and transport rates through the PRB system. In this proposed plan 
bromide tracer was utilised in conjunction with the organic dye rhodamine WT tracer, which was 
deployed at another location at the site. The use of two tracers in this test allowed for identification 
of the individual flow paths. The use of bromide as a tracer has been demonstrated successfully in soil 




 Chloride  
 
Due to higher cost of bromide salts; sodium chloride, commonly known as ‘table salt’, is often 
favoured tracer by hydrologists. Concentrations of chloride in the introduced tracer should not exceed 
3000mg/l due to the consequential increase in the density of the solution. If the background of the 
groundwater has 30mg/l of bromide, then a dilution of about 102 is possible, this is commonly an issue 
and results in chloride being an unsuitable tracer (Davis et al, 1980). Successful tracer test have been 




1.2.4 Organic Dye 
Organic dyes such as rhodamine WT and sodium fluorescein are commonly selected as tracers. They 
are best adapted to tests that have to travel distances of only a few feet in the aquifer and are 
generally selected due to their low toxicity, high sensitivity, low cost of chemical analysis, and relative 
ease for detection. Disadvantages of organic dyes include they can be decomposed by strong light, 
changes in pH level and temperature fluctuation, and can be adsorbed on solid materials. Dyes are 
used extensively in tracer studies as they are visually detectable even after moderate dilution (Davis 
et al, 1980).  Smart and Laidlew (1977) made a comparison of eight tracer dyes and concluded that 
rhodamine WT (orange), lissamine FF (green), and amino G acid (blue) are the most useful. Alulen, 
Bull, and Middlesworth (1978) demonstrated successful tracer tests in permeable sands and gravels 






 Fluorescein   
The organic dye sodium fluorescein is relatively inexpensive and non-toxic in low concentrations. It is 
bright yellowish-green in dilute concentrations within a solution (Davis et al, 1980).  
 
 Rhodamine WT 
Rhodamine WT has been named as one of the most useful organic dye tracers (Smart and Laidler, 
1997; Davis et al, 1980). It was developed to overcome the disadvantages of the organic dye 
rhodamine B, including reducing toxicity and adsorption of rhodamine B on suspended sediments 
(Farmer, 2009). 
 
1.2.5 Sampling Analysis  
In Natural and Accelerated Bioremediation Research (NABIR), monitoring of the bromide tracer was 
conducted through sampling and the use of analytical methods: an ion specific probe, and ion 
chromatography (IC). The ion-specific probe measures the concentration based on electrical 
conductivity of the solutions relative to the reference electrode. This analytical method is 
advantageous as it requires a small amount of the sample and does not consume it, this allows for it 
being available for further analysed if required this method of bromide monitoring, has been 
demonstrated in a tracer studies in Lundy (2009), NABIR, Carella (2009) and Prych (1998).  
 
The ion chromatography (IC) method utilises equipment that uses chromatographic separation and 
conductivity to measure concentration compared to a standardized curve.  Advantage of this IC 
method is that this method has a higher accuracy. Disadvantages of the IC methods include the 
analysis process which requires laboratory analysis and resulting in longer analysis time (NABIR). The 
use of bromide being employed as a tracer in conjunction and sample monitoring and ion-
chromatography analysis has been demonstrated relative successfully in an agricultural site tracer 
study by (Kurwadkar et al 2011). The method is also proposed and presented in the work plan by 
NABIR. 
 
In the tracer study by Prych (1998) monitoring of bromide was done in two methods: the first involved 
routinely measuring in-situ vertical profiles of the specific electrical conductance within the screened 
intervals of the observation wells, the other method involved sampling the wells and analysing the 
sample for specific electrical conductance and then converting it to bromide and chloride 
concentrations. Utilising electrical conductivity as a tool for monitoring salt concentrations is common 
cost effective method utilised for in stream tracer studies this (eg Carella, 2009). Carella (2009) 





a bromide tracer was deployed in conjunction with electrical conductivity monitoring to calculate the 
bromide concentrations. Fluorescent dyes (rhodamine WT, fluorescein) can be detected by the use of 
a spectrofluorometer with synchronised scanning. Grab samples can assess dye concentrations 
(NABIR). 
 
1.2.6 Tracer Injection Method 
Natural and Accelerated Bioremediation Research (NABIR; accessed 2015) presents a detailed work 
plan for an injection of a bromide and a fluorescent dye tracer. This work plan proposed to produce 
37 litres (10 gallons) bromide tracer through the addition of 135.2 grams (g) MgBr2 . 6H2O, the resulting 
bromide concentration would be aim to be approximately 2000ppm (1997mg/L). In addition to the 
bromide tracer, a proposed 100 g of florescent dye is combined with 20 litres (L; 5 gallons) of water to 
produce a concentration of 10,000 parts per million (ppm) dye tracer. There is no broadly accepted 
equation for estimating required dye quantities needed for groundwater tracing studies (Aley, 2003; 
Farmer, 2009). It is usually ideal to mix the powered dye tracers with water prior to injection to 
prevent contamination by air currents (Natural and Accelerated Bioremediation Research, accessed 
2015). A liquid tracer solution can then be injected through pouring the solution into the injection 
point. This is easily accomplished by use of a large carboy container (e.g. 20 L; EPA 1999) and a funnel. 
Once the known amount of tracer has been added to the carboy, more water can be added and then 
mixed vigorously (EPA, 1999). In the proposal by NABIR a peristaltic pump was to be used to inject the 
tracer.  
 
Similar injection methods were employed in Lundy (2009) where two injection wells and two 
monitoring wells were selected for the study, with background concentrations of bromide analysed at 
less than 0.5 mg/L. 19 L (5 gallons) of potassium bromide solution of approximately 8433 mg/L was 
injected into the up-gradient wells over a 15-minute period. Similarly in the tracer test presented by 
NABIR the well was proposed to be mixed, the water in the well after injected was estimated to be 
approximately 1523.7 ppm (1,522 mg/L) and 2780.1ppm 2777 mg/L in each well.   
 
A varying work method for a tracer study employed at a large site was presented in Prych (1998), in 
this study the use of both a chloride and bromide were both utilised, the purpose of deploying two 
different tracers would allow analysis to distinguish between the two tracers. The injection method 
utilised a longer injection period and larger volumes of tracer.  Tetra Tech. (2012) utilised a sodium 
bromide tracer, the resulting bromide concentration ranged from 350-600 mg/L and monitoring was 







1.2.7 Sampling Frequency 
Sampling methods in previous studies (Natural and Accelerated Bioremediation Research, accessed 
2015; Lundy, 2009) utilised a sample frequency of twice daily through the use of a peristaltic pump. A 
more frequent sampling regime was demonstrated in Farmer (2009), where samples were collected 
at a frequency of every hour through an automatic sampler. Sampling frequency usually varies during 
the duration of the tracer study (Prych, 1998), as it is usually dependent on the change in 
concentration of the water sample.   
 
 
 PROJECT  DESCRIPTION 
In 2001 a large explosion and chemical fire occurred at a liquid waste treatment and recycling facility 
located in Bellevue, Perth, Western Australia. Volatile organics (chlorinated solvents and petroleum 
hydrocarbons) were released into the local groundwater. The contaminant plume, resulting from both 
the fire and the facility's other historical releases, extends for approximately 200 metres (m; 656 feet) 
underneath multiple areas of land southwest of the site and is migrating in the direction of a nearby 
river. Golder Associates were engaged to treat the contaminated groundwater before it enters into 
the Helena River. Consequently in 2010, they designed and installed the first dual passive, PRB system 
in Australia at the site, to treat the groundwater.  This groundwater treatment design makes use of 
the natural groundwater flow to channel contaminants through an engineered in-situ treatment area. 
As groundwater passes through the PRB, contaminants, such as nitrates, and chlorinated solvents (e.g. 
trichloroethylene (TCE)), are treated, and clean water flows out. Golder Associates has undertaken 
quarterly and annual monitoring programs to assess the treatment efficiencies at the site; the last 
monitoring was undertaken in April 2015. Overall, the system has been working effectively and 
continues to remove contaminants, although there have been concerns that there is a potential for 
flow bypass, particularly at the south-western end of the PRB (Golder, 2012). The concerns of flow 
bypass occurring at the south-western portion of the dual PRB system have arisen due to the change 
in contaminant concentration of a monitoring well within a potential bypass zone. This monitoring 
well, MWG115, has shown an observed increase of trichloroethylene (TCE) concentrations from 0.71 
mg/L in October 2013 to 0.94 mg/L in April 2015. The increase in TCE concentration has become a 
concern at the site as it is above the Risk Base Criteria (RBC) May 2008 Aquatic Screening Criteria of 
0.33 mg/L of TCE. Further issues of concern involve the change in groundwater level contours after 






The project’s objectives are to study the flow paths through the PRB system and identify potential for 
flow bypass particularly in the south-western end of the PRB treatment system. Achieving this 
objective will involve analysing data from pressure transducers and previous historical monitoring 
rounds. In addition to the water level analysis, two tracer studies will be conducted at two different 
locations at the site. The tracer studies involve using the organic dye fluorescein to further understand 
the flow paths of the site and to investigate suspected flows that may bypass the PRB treatment 
system.   
 
The two tracer studies developed for use in this thesis were designed based on a literature review on 
relevant topics, and through liaising with academic staff at Murdoch University and the project 
manager at Golder Associates. The first tracer study aims to validate contaminated streams that 
directly bypass the ZVI barrier. The second tracer study, conducted at the centre of the PRB system, 
aims to provide information on the lateral water movement and dispersivities through the PRB 
treatment system.  
 
2.1 Objectives and Scope 
The objectives can be summarised as follows: 
 Understand the hydrogeology of the site.  
 Identify where potential flows bypass the sequenced PRB. 
 Validate them and suggest reasons for their existence, if flow bypasses are present. 
 Suggest remedial measurement if significant contaminated flow is bypassing. 
 
The scope of work can be summarised as follows: 
 Analysis of current transducer data and identifying potential data gaps. 
 Undertake two tracer studies using fluorescein to investigate flow bypass of the PRB.  
 
2.2 Site Identification 
The site is commonly referred to as the Former Waste Control Site, and is located in the suburb of 
Bellevue in Perth, Western Australia. The area is a semi-industrial suburb containing both light 
industrial and residential properties.  The area included in the Golder Associates remedial contract 












2.2.1 On-site Remedial Area 
The on-site remedial area, consisting of 0.7 hectares (ha), is associated with the area where source 
contamination originated from the Former Waste Control Site. This area includes the Former Waste 
Control Site, the eastern half of the Hanson Property (Lots 5 and 9) and the north-western portion of 
the adjacent Lot 2 (Golder, 2013c). 
 
2.2.2 Off-Site Remedial Area 
The off-site remedial area, approximately 1.2 ha in size, is defined by the area where contamination 
not associated with the Former Waste Control Site may be present, see Figure 1, it includes: 
 the northern portion of Lot 1 (commonly referred to as the Damplands) 
 the south-western portion of Lot 2 
 Lot 84 – Stanley Street: A&P Transport 
 Lot 3 – Street Address: 3 Stanley Street 
 Lot 5 Military Road 
 A portion of Stanley Street Road Reserve. 
 
2.3 Site Monitoring 
2.3.1 Monitoring Network and Objectives. 
The monitoring well network consists of 26 monitoring locations with 62 monitoring wells. Golder’s 
monitoring objectives of the long-term groundwater sampling plan, as stated in Golder’s 2010 Annual 
Groundwater Monitoring program, are to: 
 Evaluate the direction of flow in the vicinity of the sequenced PRB system 
 Monitor changes in contaminant distribution with a particular focus on improving the 
groundwater quality down-gradient of the sequenced PRB.  
 
2.3.2 Testing Parameters  
To achieve the monitoring objectives, groundwater samples were previously analysed for the 
following parameters:  
 Volatile organic compounds (VOCs): chlorinated ethenes, ethanes, methanes, benzene, 





 Major ion chemistry: sulphate, chloride, bicarbonate, calcium, magnesium, sodium, 
potassium and alkalinity 
 Nitrate, nitrite, ammonium and Kjeldahl nitrogen 
 pH, electrical conductivity, total organic carbon, total dissolved solids  
 Ferric and ferrous iron.  
2.4 Permeable Reactive Barrier Design 
Each one of the PRBs (76 m long by 10 m deep) is filled with a different reactive material. The first 
contains sawdust used to treat nitrates through the microbial process of denitrification, which is a 
microbial facilitated process of nitrate reduction. The second contains ZVI, a non-toxic granular 
material used to treat chlorinated solvents in the groundwater. This type of barrier requires no on-
going operation of pumps or other energy consuming equipment, and it is unlikely to affect future 
land use due to the PRB not being visible from above ground (Golder, 2012). Figure 2 shows the PRB 










Figure 2: Sequenced Permeable Reactive Barrier site position and inferred groundwater contours in 
September 2011. 
2.5 Hydrology   
The Helena River is located 300 m south-west of the Former Waste Control Site, it is the main drainage 
feature of the area, and approximately 120 m from the base of the river valley escarpment. There is a 
drain located in the north-east area of the Damplands, observable as the black area in Figure 1, the 
drain collects water from the south-west industrial area and directs it south-west into the centre of 
the area. 
 
2.6 Hydrogeology Setting 
Although three main aquifers have been identified to be present at the site, only two upper aquifers 
have the potential to be impacted beneath the sites area (Commander, 2004; Golder, 2011). These 
aquifers are: 
 The unconfined superficial aquifer comprising the Guildford Formation and alluvial sediments 
 The semi confined Leederville Formation. 
























Table 1: Summary of hydrogeological units present at the site (Golder, 2013c). 
Aquifer/Hydrogeological Unit Definition Description 
Alluvial Alluvial Unconsolidated sediment of 
varying grain size (clay to 
gravel) with relatively high 
value of K. Hydraulically 
contiguous with Guildford and 
Leederville Formation aquifers. 
Regional Subset of the Guildford 
Formation aquifer- defined by 
wells screened over the 
regional water table 
Uppermost part of the 
Guildford Formation aquifer 
varying grain size (clean sand 
through to silts and clays). 
Hydraulically contiguous with 
Alluvial aquifer. General lower 
K values that other aquifers. 
Base of Guildford Subset of the Guildford 
Formation aquifer- defined by 
wells screened below the 
continuous clay interval within 
the Guildford Formation 
Unconsolidated sediments 
varying in grains size (sands to 
clay with irons sediments 
towards the base). 
Hydraulically contiguous with 
other aquifers. Moderate K 
value consistent with silty sand 
lithology.  
Leederville Defined by wells screened 
entirely within the Leederville 
Formation 
Unconsolidated to compacted 
sediments varying in size from 
sand to clay. Hydraulically 
contiguous with alluvial and 
Guildford Formation aquifers. 
Moderate K value consistent 
with lithology described. 
 
2.7 Groundwater Movement  
Hydraulic gradients can be determined by comparing the groundwater levels (piezometric heads) at 
two wells screened in the same groundwater bearing zone. The difference between the up-gradient 
and down-gradient wells can then be divided by the distance between the wells to quantify the local 
hydraulic gradient (Golder, 2011). This can be explained by the following equations: 
 
Horizontal Gradient (Well 1 to Well 2) (m/m) = the difference in piezometic head (Well 1 to Well 2) 








Equation 1: GH= 
∆𝑃
D
   
Where:  
GH = the horizontal gradient (m/m) 
∆P = the difference in piezometric head between the wells (m) 
D = the horizontal distance between the wells (m) 
 
The vertical hydraulic gradient can be determined by dividing the difference of head between two 
piezometers set to different depths in the same well, this can be explained in the following equations: 
 
Vertical gradient = difference in piezometric head / piezometer screened sections 
Or 
 
Equation 2: GV =
∆P 
D
     
Where: 
GV = the vertical gradient (m/m) 
∆P = the difference in piezometric head between the wells (m) 
D = the vertical distance between the wells (m) 
 
2.7.1 Groundwater Velocities 
Approximate groundwater velocities can estimated by use of the Darcy equation: 
 
Equation 3: v =  
𝐾 × 𝐺𝐻
𝑁𝑒  
        
 
Where: 
v = linear particle velocity (LT-1) 
K = Hydraulic conductivity (LT-1) 
GH= Hydraulic gradient (LL-1) 






An assumed porosity for the silty sand material which comprises the matrix of the Leederville and 
Guildford formations of 0.3 and 0.25 for the Alluvial Formation can be used for this variable based on 
previous historical interpretations (Golder, 2011). 
 
Hydraulic conductivity values can be selected using the geometric mean for each groundwater bearing 
zone from slug tests completed from 2005 to 2009 (Golder, 2011).  
 
 DATA QUALITY OBJECTIVES  
The data quality objectives of this project are based upon the Australian Standard AS 4482.1-2005 
which outlines the Data Quality Objective (DQO) process.  The purpose of the DQO process is to 
“ensure that that the data collection activities are focused on: 
1) Collecting the information needed to make decisions; and 
2) Answering relevant questions leading up to such decisions.” 
The DQO process comprises six of the seven steps which are summarised in the following sections (AS 
4482.1-2005), the step “Define the Study Boundary” was excluded.  
3.1 State the Problem  
Through the analysis of the groundwater contours at the Former Waste Control Site the potential for 
contaminated flows that bypasses the PRB treatment system have been identified. This flow has the 
potential to significantly impact the Helena River, if significant impact does upon the Helena River the 
consequence my result in the transport of contaminants that could result in issues in further remedial 
options. The flow is likely to contain concentration of TCE and nitrate that are above the Risk Base 
Criteria (RBC) May 2008 Aquatic Screening Criteria of 0.33 milligrams per litre (mg/L) and 7 mg/L, 
respectively. A monitoring round at the site measured the TCE concentration at a monitoring well 
MWG115 at 710 micrograms per litre (µg/L; 0.71 mg/L) in 2013 and 940 µg/L (0.94 mg/L) in 2015. It is 
important to note, monitoring this is potentially located within a flow that bypasses the treatment 
system. 
 
3.2  Identify the Decision  
The primary decision that must be made is whether or not identified potential bypass flows are 
impacting the performance objectives of consistently reducing the down-gradient contaminant 





support this decision. The selection of a monitoring well that resides within a bypass zone will allow 
for the identification of contaminated flow bypass.    
3.3 Identify Input into the Decision 
The key inputs to the decision will be the results of the tracer study, the groundwater levels, and the 
quality data obtained through the PRB performance monitoring programme. 
  
3.4 Develop a Decision Rule 
The decision rule, is a procedure of accepting or rejection the resulting decision or conclusion. This 
will be primarily based upon results collected from the tracer study. An injected tracer will be deployed 
at a two injection wells, and then monitored at a down-gradient monitoring well. In the first test, if 
the tracer is detected at the monitoring well then it will be considered that there is a contaminated 
flow that bypasses PRB treatment system. An alternative approach will be taken on the second tracer 
study, in which a lack of detection will indicate concerns of bypass while a detection will indicate PRB 
intercepting the contaminated plume flow.   
 
3.5 Specify Limits on Decision Errors 
Groundwater sampling data will be evaluated with the collection of duplicate samples. Error limit for 
duplicate field samples will be evaluated based on standard limits for relative percentage difference 
(RPD). Generally accepted limits for RPD are +/- 50 % between duplicates where the reported 
concentration exceeds the limit of reporting by at least five times. 
 
3.6 Optimise the Design for Obtaining Data 
The rationale for the sampling design will be discussed in Section 4.1: Sampling and Analysis Program. 
 METHODS 
  
4.1 Sampling and Analysis Program  
Fluorescein dye was injected at monitoring well IP and then samples were collected from the 
monitoring well MWG114, similar fluorescein dye was injected in monitoring well MWG107A and 
monitoring took place at monitoring well: MWG101A, MWG123A and MWG112A, based upon 
previous the literature review, groundwater samples were collected daily for three weeks or until 





to assure that there were no background traces of the tracer substance. In conjunction with water 
sampling, water level (depth to groundwater) measurements were undertaken. A 50 – 200 mL sample 
was collected through the use of a peristaltic pump. Based upon the literature review, the 
concentrations of fluorescent dyes can be adversely affected by strong light condition causing the dyes 
to decompose, due to this issue, samples were covered in aluminium foil upon collection. Samples 
were analysed for the detection of fluorescent dye at a chemistry laboratory at Murdoch University. 
The analysis was done through the use of a UV-visible spectrofluorometer.  
 
4.2 Groundwater Level Monitoring Methods 
4.2.1 Transducer Analysis Methods 
In June 2014, Golder Associate installed five pressure transducers that monitored groundwater levels 
at the site until November 2014. In addition to the pressure transducers, barometers were also 
installed at the top of the monitoring wells. Processing the raw transducer data requires an 
understanding of resulting pressure value returned from both the pressure transducer and the 
barometer as well as knowledge on converting the value to a corresponding water level value (m 
Australian Height Datum (AHD)).  
 
The pressure transducer is installed at a fixed unknown depth under the water table within the 
monitoring well. Both the transducer and the barometer return a pressure value in pounds per square 
inch (psi) in 30 - minute intervals, the transducer measures a total pressure value that is equal to sum 
of the water pressure above the transducer and the atmospheric pressure, and the barometer 
measures only the atmospheric pressure. The pressure value returned from the transducer will 
increase or decrease dependent on the change in water level. Subtracting the corresponding 
barometric pressure value (psi) from the total pressure value (psi) results in the water pressure value 
(psi), this is now the pressure of the water above the transducer.  Converting this value from psi to 
mH2O involves: 
 
A water density of 1000 kilogram per cubic metre (kg/m³) is assumed and the standard for gravity of 
9.81 metres per second squared (m/s² (meters per second squared))  is used.   
 
Calculating the pascals (Pa) pressure generated by 1 m of water using the International system of units 
(SI units) and using the conversions: 
 





1 psi = 6,894.8 Pascals (Pa) 
 
Simplifying the psi to mH2O conversion equation:   
 
mH2O value x 9,806.7 Pa = psi value x 6,894.8 Pa 
mH2O value = psi value x 0.703 
 
During installation of the monitoring wells, the top of the monitoring well, referred to as top of casing 
(TOC), is surveyed in m AHD, this measurement will be utilised as a reference point. Measuring the 
water level (m) off this reference point and then subtracting the water level meter reading from the 
TOC measurement results in a water level reading in m AHD. The previously unknown transducer 
depth (m AHD) can now be calculated by subtracting the water pressure (m H2O) and from this initial 
water level meter measurement (m AHD) from the TOC measurement (m AHD). Adding transducer 
depth (m AHD) and the variable water pressure will now provide the corresponding water level (m 
AHD).  Figure 3 details the monitoring well with barometer and transducer set up, and labels the 







Figure 3 Monitoring Well with Water Pressure and Barometer Monitoring Total Pressure and Air 
Pressure  
Abbreviations: AHD, Australian Height Datum; m, metres; psi, pounds per square inch; TOC, top of casing.  
 
4.2.2 On-site Monitoring 
On-site monitoring of wells was conducted at the site before and after the installation of the PRB 
system. A number of monitoring wells have been added over the years which has increased the 
number of water level measurements at the site (also over time a number of wells have become un-
operational). It should be noted that the more measurement points taken at the site the more reliable 
the resulting groundwater contours are of the site. On-site water level measurements were conducted 
through use of a water level meter, the water level meter is used to measure the distance from the 
water table to the known reference point at the top of the monitoring well, the TOC. This TOC 
reference has been previously surveyed and its position is known in the units of m AHD. Subtracting 
the water level to the TOC measurement from the TOC reference point establishes the water level 
mH
2
O value = psi value x 0.703 
Transducer Position (m AHD) = 
TOC (m AHD) - Water Level below TOC (m 
bTOC) - mH20  
Water Pressure (psi) =Atmospheric Pressure (psi) – 





distance in m AHD. During the 20 - day period of the tracer study, water level measurements were 
conducted at seven monitoring wells of interest.  
 
4.3 Tracer Study  
Three tracer studies have been developed for this thesis project:  
 Tracer Study Plan A: Bypassing of the PRB System, this tracer plan was not conducted due to 
the estimated tracer travel time of this tracer study.  
 Tracer Study Plan B: Bypass of the ZVI Barrier, to partially address the problems involved with 
Tracer Study Plan A. 
 Tracer Study Plan C: Lateral Water Movement through the PRB.  
 
Tracer Study Plan B and C were deployed within monitoring wells that are screened around 3 m below 
ground level, the network of wells within this depth is referred to as the A-Series 
 
4.3.1 Tracer Study Plan A: Bypassing of the PRB System 
Injection Well: MWG115 
Monitoring Well: MWG114 
A tracer was proposed to be injected into MWG115 and monitored at MWG114, see Figure 4. The 
detection of the tracer would validate concerns that there is contaminated water flow that is directly 
bypassing the PRB system. This tracer study aimed to further provide information on the hydraulic 
conductivity of the flow and allow for further calculation of velocity and flow contamination rates. The 
estimated time for the tracer to travel between the two planned monitoring wells was estimated to 
be unreasonably large and therefore not feasible for the purpose of this study. The large travel time 






Figure 4 Proposed Tracer Path of Tracer Study Plan A: Bypassing of the PRB System 
 
4.3.2 Tracer Study Plan B: Bypass of the ZVI Barrier 
Injection Well: A newly installed injection point referred to as IP, located in the South West section 
of the denitrification PRB.  
Monitoring Well: MWG114 
Due to the issues in Plan A, an alternative approach was developed to obtain information in regards 
to groundwater bypassing the PRB treatment system. A new injection point was created through hand 
auguring in the south-west section of the denitrification PRB to the depth of the saw dust media (see 
Figure 5). The selection of this point resolves the issue of the large (9 m) distance and the small 
gradient between the injection well (MWG114) and monitoring well (MWG115) in the initial plan 






Figure 5 Proposed Tracer Path of the Plan B Tracer Study 
 
4.3.3 Tracer Study Plan C: Lateral Water Movement through the PRB 
Injection Point: MWG107A 
Monitoring Well: MWG101A, MWG123A, MWG112A 
The tracer was deployed in MWG107A (see Figure 6) and groundwater samples were collected in 
monitoring wells MWG101A, MWG123A, and MWG112A. The position of these selected wells, See 
Figure 6, allows for this tracer study to evaluate the lateral movement of water through the PRB 







Figure 6 Proposed Tracer Path of the Plan C Tracer Study 
 
4.3.4 Tracer Selection 
Fluorescein dye was selected as the tracer chemical and analysis through a UV-Visible 
spectrofluorometer was the selected analysis method. The selection of this tracer and analysis method 
were principally chosen as the other tracer chemicals and analysis posed a number of concerns, 
including: high background concentration at the site (chloride), electrical conductivity fluctuations 
(salt tracer and transducer monitoring), difficulty in sample analysis (ion chromatography and 
bromide), and the availability of the tracer substance (rhodamine WT). Sample analysis was 
undertaken by use of a UV-visible spectrofluorometer available at Murdoch University.  Due to 
literature on fluorescein suggesting that fluorescein can undergo rapid decomposition during changes 
in pH levels, historical water qualities were observed, and deemed within an acceptable range that 
would not have any adverse effects.  
 
4.3.5 Injection Method  
The new injection well was produced through completing the following steps (completed while 







1. Hand augering into the saw dust PRB to below the water table. 
2. Inserting slotted pipe length into the augured hole. 
3. Backfill in the void with excavated soil. 
 
The injection of the fluorescein tracer solution was achieved through completing the following steps 
(completed while wearing the standard PPE: nitrile gloves, long sleeve shirt and safety goggles): 
 
1. Approximate quantities of 75 g and 150 g of fluorescein powder were dissolved with around 8 L and 
16 L of distilled water in two large carboys.  The lids were secured and contents were shaken vigorously 
in preparation for injection into well MWG107A and IP, respectively. One sample of approximately 
100 - 200 millilitres (mL) was taken for analysis.   
2. A funnel was placed on top of the injection well. 
3. The contents of the carboys were poured down the monitoring well. 
4. Attempts were made to physically mix the well (potentially unsuccessfully at MWG107A, due to the 
diameter of the well not being sufficient for physical stirring). 
5. A peristaltic pump and related equipment (tubes, and battery) was set up and one 100 - 200 mL 
sample of the groundwater was taken at the injection wells. 
 
4.3.6 Sampling Method 
The sampling frequency for this project was based on case studies literature review, a frequency was 
chosen based on the similarities on distance between monitoring wells and the size of the case study 
in general. The chosen frequence was every day for the duration of the first four days and then every 
second day following that until the end of the project.  
Sampling each monitoring well was achieved through completing the following steps (completed while 
wearing the standard PPE: nitrile gloves, long sleeve shirt and safety goggles): 
 
1. Set up peristaltic pump equipment (peristaltic pump, tubes, and battery). 
2. Take a 100 - 200 mL sample in container from each of the monitoring wells. 
3.  Store container out of direct sunlight. 






4.3.7 Analysis Methods 
Analysis of the groundwater samples was conducted through use of Murdoch University’s UV-visible 
spectrofluorometer. The UV-visible spectrofluorometer analyses the samples at different wave 
lengths and returns a corresponding Absorbance Unit (AU) at that particular wave length.  
 
4.3.8 Calibration Method 
In order to analyse the concentrations of the samples collected, analysis was undertaken on known 
standard solutions of fluorescein, conducted with a UV-visible spectrofluorometer at the Murdoch 
University laboratory. The results of the calibration test are presented in Figure 7, from the 
wavelength range, the wavelengths of 480 nanometres (nm) and 232 nm offered the ideal linear 
relationship of the calibration curve (with 232 offering a slightly more reliable R2 value and a y-
intercept close to zero). The samples collected in the field were analysed with a fixed wavelength of 
232 nm and then calculated by use of the calibration curve equation:  
Concentration of the solution (ppm) = 0.0495 x Absorbance (AU) + 0.0286 
 
Figure 7 The Fluorescein Calibration Curve; results from a UV-visible spectrofluorometer.  
Abbreviations: AU, absorbance units; ppm, parts per million.  
 
y = 0.0857x -0.0503
R² = 0.9859































4.3.9 Field Duplicates  
Six field duplicates were taken during groundwater sampling of both tracer studies. A comparison was 
made between the primary sample and the duplicated samples using RPD were calculated.  The RPD 
measures the difference between the primary and the duplicate sample as a percentage of their 
average value. RPDs can be calculated by use of the following equation: 
%𝑅𝑃𝐷 =  𝑙𝑛 ∣
𝐴 − 𝐵
𝐴 + 𝐵
|  × 200 
 
Where:  
A = the concentration of the primary sample and, 
B = the concentration of the duplicate sample. 
The Australian Standard (AS 4482.1) indicate RPDs of less than 50% are considered to be within a 
satisfactory range for groundwater samples (Golder, 2010). 
 
4.3.10 Point Dilution Method 
By use of the point dilution method presented by Drost et al (1986), and the decay of the tracer 




 𝑉𝑓 = estimated velocity of the groundwater (m/day) 
 H Injection well = the height of the water column in the injection well in which the tracer is mixed. 
 𝐶𝑡 =  the tracer concentration at a period of time (ppm)  
 𝐶0 = the initial concentration of the tracer (ppm)   
 ∆t = change in time 
Hinjection of MWG107A ≈ 1.75 m 














5.1 Groundwater Levels  
5.1.1 Pre-PRB Installation Groundwater Monitoring Rounds 
Groundwater levels from previous monitoring rounds pre-PRB installation are presented as 
groundwater contour maps, see Figure 8 and Figure 9. Five data points were utilised to produce 
contours maps through the contouring software: Surfer 8.  
 
Figure 8 February 2007 Groundwater Contours 
 





5.1.2 Groundwater Contours Post-PRB Installation 
Groundwater levels from previous monitoring rounds post-PRB installation are presented as 
groundwater contour maps, see Figure 10 and Figure 11. Green arrows represent groundwater vector 
flows (drawn using the isopotential contours shown) that are being intercepted by the PRB system, 
whilst the red arrows represent groundwater vector flows that are bypassing the treatment system. 
 








Figure 11 April 2015 Groundwater contours with flow vectors indicating PRB interception and 
potential flow bypass 
 
5.1.3 Transducer Data 
The pressure transducer water level results are presented in Figures 12 - 16, in addition to the water 
level the cumulative rainfall (m) is also presented within the graphs. In occurrences where there was 
an observed change in water levels of a large magnitude, the data was adjusted to a normal trend by 
removing the large change.  Figures 12-16, show the change in groundwater levels through the input 
of the cumulative rainfall the groundwater levels increase, an entire seasonal event was unable to be 







Figure 12 Water levels of monitoring well MWG57 from June 2014 to November 2014 
MWG57                Cumulative Rainfall (m)  










































































































































































































































































































































Figure 13 Water levels of monitoring well MWG61 from June to November 2014 
MWG61                Cumulative Rainfall (m)  










































































































































































































































































































































Figure 14 Water levels of monitoring well MWG62 from June to November 2014 
MWG62                Cumulative Rainfall (m)  













































































































































































































































































































































Figure 15 Water levels of monitoring well MWG63 from June to November 2014 
MWG63                Cumulative Rainfall (m)  










































































































































































































































































































































Figure 16 Water levels of monitoring well MWG68 from June to November 2014 
MWG68                Cumulative Rainfall (m)  












































































































































































































































































































































 Transducer Data Groundwater Contour  
Three time intervals were selected over the seasonal period from June to November, 2014. These 
intervals were: 22/06/2014 05:30 (See Figure 17), 28/08/2014 22:00 (See Figure 18), and 18/11/2014 




Figure 17 June 2014 Groundwater Contours 
 







Figure 19 November 2014 Groundwater Contours 
5.2 Tracer Study Monitoring Wells 
5.2.1 Water Level Monitoring 
Water level measurements were conducted at seven monitoring wells of interest during the period 
of the two tracer studies. The results of Tracer Study Plan B are presented in Tables 2 – 4. The results 
of  Tracer Study C are presented in Tables 5 – 8. 
 Tracer Study B: Bypass of the ZVI Barrier 
Table 2 Water levels of injection well IP during the period of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
03/06/2015 9.1480 1.8 7.348 
04/06/2015 9.1480 1.721 7.427 
05/06/2015 9.1480 1.695 7.453 
06/06/2015 9.1480 1.708 7.44 
08/06/2015 9.1480 1.726 7.422 
10/06/2015 9.1480 1.686 7.462 
14/06/2015 9.1480 1.719 7.429 
20/01/2015 9.1480 1.707 7.441 
22/06/2015 9.1480 1.589 7.559 
24/06/2015 9.1480 1.556 7.592 









Table 3 Water levels of monitoring well MWG114 during the period of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
03/06/2015 9.242 1.798 7.444 
04/06/2015 9.242 1.815 7.427 
05/06/2015 9.242 1.789 7.453 
06/06/2015 9.242 1.799 7.443 
08/06/2015 9.242 1.814 7.428 
10/06/2015 9.242 1.778 7.464 
14/06/2015 9.242 1.802 7.44 
20/06/2015 9.242 1.785 7.457 
22/06/2015 9.242 1.694 7.548 
24/06/2015 9.242 1.646 7.596 
Abbreviations: AHD, Australian Height Datum; bTOC, below top of casing; m, metres. 
 
Table 4 Water levels of monitoring well MWG115 during the period of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
05/06/2015 11.019 3.526 7.493 
06/06/2015 11.019 3.527 7.492 
08/06/2015 11.019 3.547 7.472 
10/06/2015 11.019 3.544 7.475 
14/06/2015 11.019 3.539 7.48 
20/01/2015 11.019 3.509 7.51 
22/06/2015 11.019 3.479 7.54 
24/06/2015 11.019 3.436 7.583 
Abbreviations: AHD, Australian Height Datum; bTOC, below top of casing; m, metres. 
 
 Tracer Study C: Lateral Groundwater Movement through the PRB System 
Table 5 Water levels of injection well MWG107A during the period of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
03/06/2015 9.853 2.437 7.416 
04/06/2015 9.853 2.454 7.399 
05/06/2015 9.853 2.453 7.400 
06/06/2015 9.853 2.433 7.420 
08/06/2015 9.853 2.459 7.394 
10/06/2015 9.853 2.441 7.412 
14/06/2015 9.853 2.484 7.369 
20/06/2015 9.853 2.453 7.4 
22/06/2015 9.853 2.378 7.475 
24/06/2015 9.853 2.324 7.529 






Table 6 Water levels of monitoring well MWG101A during the periods of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
04/06/2015 9.483 1.989 7.494 
04/06/2015 9.483 2.002 7.481 
05/06/2015 9.483 1.956 7.527 
06/06/2015 9.483 1.966 7.517 
08/06/2015 9.483 1.981 7.502 
10/06/2015 9.483 1.961 7.522 
14/06/2015 9.483 1.982 7.501 
20/06/2015 9.483 1.934 7.549 
22/06/2015 9.483 1.811 7.672 
24/06/2015 9.483 1.827 7.656 
Abbreviations: AHD, Australian Height Datum; bTOC, below top of casing; m, metres. 
 
Table 7 Water levels of monitoring well MWG123A during the periods of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
04/06/2015 9.508 2.002 7.506 
05/06/2015 9.508 1.979 7.529 
06/06/2015 9.508 1.992 7.516 
08/06/2015 9.508 2.01 7.498 
10/06/2015 9.508 1.982 7.526 
14/06/2015 9.508 2.002 7.506 
20/01/2015 9.508 1.972 7.536 
22/06/2015 9.508 1.847 7.661 
24/06/2015 9.508 1.827 7.681 
Abbreviations: AHD, Australian Height Datum; bTOC, below top of casing; m, metres. 
 
Table 8 Water levels of monitoring well MWG112A during the periods of the tracer studies. 
Date TOC m AHD m bTOC m AHD 
04/06/2015 9.070 1.592 7.478 
04/06/2015 9.070 1.609 7.461 
05/06/2015 9.070 1.566 7.504 
06/06/2015 9.070 1.589 7.481 
08/06/2015 9.070 1.604 7.466 
10/06/2015 9.070 1.579 7.491 
14/06/2015 9.070 1.581 7.489 
20/01/2015 9.070 1.549 7.521 
22/06/2015 9.070 1.422 7.648 
24/06/2015 9.070 1.431 7.639 





5.2.2 Fluorescein Monitoring 
 Tracer Study B: Bypass of the ZVI Barrier 
The results of Tracer Study B: Bypass of the ZVI Barrier, are present in Tables 9 - 10 and Figures 20 - 
21. The injection well IP is presented in Table 9 and plotted in Figure 20. The monitoring well MWG114 
is presented in Table 10 and Figure 21.  











04/06/2015 0.497 6.4 501 3201 
05/06/2015 0.499 6.4 501 3212 
05/06/2015 0.518 6.6 501 3321 
06/06/2015 0.379 5.0 501 2510 
08/06/2015 0.494 6.4 201 1912 
09/06/2015 0.774 9.6 201 1934 
11/06/2015 0.593 7.5 201 1508 
12/06/2015 0.291 4.0 301 1199 
14/06/2015 0.657 8.2 201 1658 
16/06/2015 0.335 4.5 201 904 
18/06/2015 0.583 7.4 100 746 
20/06/2015 0.605 7.6 201 1536 
22/06/2015 0.546 7.0 201 1398 
24/06/2015 0.255 3.6 101 360 
Abbreviations: AU, absorbance units; ppm, parts per million.
 
Figure 20 Fluorescein concentration (ppm) of injection well: IP, results analysed by use of a UV-visible 
spectrofluorometer. 




































Table 10 Fluorescein concentration (ppm) of monitoring well: MWG114, results analysed 
by use of a UV-visible spectrofluorometer. 
Date Absorbance (AU) Concentration (ppm) 
03/06/2015 -0.037 0 
04/06/2015 -0.083 0 
05/06/2015 -0.008 0 
05/06/2015 -0.004 1 
06/06/2015 0.058 1 
08/06/2015 0.002 1 
09/06/2015 -0.110 0 
11/06/2015 -0.028 0 
12/06/2015 0.714 9 
14/06/2015 0.013 1 
16/06/2015 -0.090 0 
18/06/2015 0.002 1 
20/06/2015 0.037 1 
22/06/2015 0.100 2 
24/06/2015 0.207 3 
Abbreviations: AU, absorbance units; ppm, parts per million. 
 
 
Figure 21 Fluorescein concentration (ppm) of injection well: MWG114, results analysed by use of a UV-visible 
spectrofluorometer. 







































 Tracer Study C: Lateral Groundwater Movement through the PRB System 
The results of Tracer Study C: Lateral Groundwater Movement through the PRB system, are present 
in Tables 11 - 15 and Figures 22 - 25. The injection well MWG107A is presented in Table 11 and 
plotted in Figure 22. The monitoring well MWG101A is presented in Table 12 and Figure 23. The 
monitoring well MWG123A is presented in Table 13 and Figure 24. The results of MWG112A are 



































Table 11 Fluorescein concentration (ppm) of injection well: MWG107A, results analysed 
by use of a UV-visible spectrofluorometer. 
Abbreviations: ppm, parts per million. 
 
 
Figure 22 Fluorescein concentration (ppm) of injection well: MWG107A, results analysed by use 
of a UV-visible spectrofluorometer. 

































Date Absorbance (AU) 




Concentration (ppm)  
04/06/2015 0.771 9.6 201 1366 
05/06/2015 0.532 6.8 201 1002 
05/06/2015 0.235 3.3 301 1120 
06/06/2015 0.268 3.7 301 808 
08/06/2015 0.294 4.0 201 642 
09/06/2015 0.227 3.2 101 774 
11/06/2015 0.280 3.9 101 389 
12/06/2015 0.345 4.6 201 928 
14/06/2015 0.217 3.1 101 315 
16/06/2015 0.369 4.9 51 250 
18/06/2015 0.456 5.9 41 242 
20/06/2015 0.231 3.3 51 167 
22/06/2015 0.278 3.8 31 119 





Table 12 Fluorescein concentration (ppm) of monitoring well: MWG101A, results 
analysed by use of a UV-visible spectrofluorometer. 
Date  Absorbance (AU) 
Fluorescein Concentration 
(ppm) 
04/06/2015 0.001 1 
05/06/2015 -0.100 0 
05/06/2015 -0.098 0 
06/06/2015 0.008 1 
08/06/2015 -0.064 0 
09/06/2015 -0.065 0 
11/06/2015 0.189 3 
11/06/2015 0.180 3 
12/06/2015 -0.080 0 
14/06/2015 0.095 2 
16/06/2015 -0.082 0 
18/06/2015 0.187 3 
20/06/2015 0.207 3 
22/06/2015 -0.029 0 
24/06/2015 -0.103 0 




Figure 23 Fluorescein concentration (ppm) of injection well: MWG101A, results analysed by use 
of a UV-visible spectrofluorometer. 




































Table 13 Fluorescein concentration (ppm) of monitoring well: MWG123A, results 
analysed by use of a UV-visible spectrofluorometer. 




Date Absorbance (AU) Fluorescein Concentration (ppm)  
04/06/2015 -0.059 0 
05/06/2015 -0.049 0 
05/06/2015 0.040 1 
05/06/2015 0.040 1 
06/06/2015 0.049 1 
08/06/2015 0.078 1 
09/06/2015 0.138 2 
11/06/2015 0.234 3 
12/06/2015 -0.035 0 
14/06/2015 0.333 4 
16/06/2015 -0.043 0 
18/06/2015 0.044 0 
20/06/2015 -0.105 0 
22/06/2015 0.017 1 
24/06/2015 -0.161 0 
 
Figure 24 Fluorescein concentration (ppm) of monitoring well: MWG123A, results analysed by 
use of a UV-visible spectrofluorometer. 









































Table 14 Fluorescein concentration (ppm) of monitoring well: MWG114, results analysed 
by use of a UV-visible spectrofluorometer. 




Figure 25 Fluorescein concentration (ppm) of monitoring well: MWG114, results analysed by use of a UV-
visible spectrofluorometer. 




































Date  Absorbance (AU) Fluorescein Concentration (ppm)  
03/06/2015 -0.037 0 
04/06/2015 -0.083 0 
05/06/2015 -0.008 0 
05/06/2015 -0.004 1 
06/06/2015 0.058 1 
08/06/2015 0.002 1 
09/06/2015 -0.110 0 
11/06/2015 -0.028 0 
12/06/2015 0.714 9 
14/06/2015 0.013 1 
16/06/2015 -0.090 0 
18/06/2015 0.002 1 
20/06/2015 0.037 1 
22/06/2015 0.100 2 





5.2.3 Point Dilution Method Results 
The results of the fluorescein monitoring were analysed by use of the point dilution method, this method 
calculates the groundwater velocity within injection well based on the decay of the tracer within the well. 
The results are presented in Tables 15 – 16. Table 15 presents the results of the injection well IP and Table 
16 presents the results of injection well MWG107A. In addition to the velocities a 3-point moving average 
was calculated as well as the overall average velocity.  







Velocity - Point Dilution 
(m/day) 
3-Point Moving Average 
(m/day) 
03/06/2015 0.00    
04/06/2015 0.92 3201   
05/06/2015 2.35 3212 -0.0005  
05/06/2015 2.52 3321 -0.0058  
06/06/2015 3.42 2510 0.0285 0.0074 
08/06/2015 5.34 1912 0.0386 0.0204 
09/06/2015 6.47 1934 0.0312 0.0327 
11/06/2015 8.43 1508 0.0357 0.0334 
12/06/2015 8.92 1199 0.0441 0.0399 
14/06/2015 10.92 1658 0.0241 0.0346 
16/06/2015 12.92 904 0.0392 0.0358 
18/06/2015 14.92 746 0.0391 0.0341 
20/06/2015 17.42 1536 0.0169 0.0317 
22/06/2015 19.42 1398 0.0171 0.0243 






















Table 16 Injection Well: MWG107A Point Dilution Method Results, results analysed by 









03/06/2015 0.00 0   
04/06/2015 0.92 1366   
05/06/2015 2.35 1002 0.2303  
05/06/2015 2.44 1120 0.1427  
06/06/2015 3.43 808 0.2676 0.2135 
08/06/2015 5.37 642 0.2460 0.2188 
09/06/2015 6.48 774 0.1533 0.1996 
11/06/2015 8.44 389 0.2606 0.2069 
12/06/2015 9.40 928 0.0719 0.1662 
14/06/2015 11.40 315 0.2251 0.1485 
16/06/2015 13.41 250 0.2217 0.1729 
18/06/2015 15.37 242 0.1970 0.2146 
20/06/2015 17.42 167 0.2109 0.2099 
22/06/2015 19.43 119 0.2201 0.2093 





Abbreviations: ppm, parts per million; m/day, metres per day. 
 Hydraulic Gradient and Darcy Law Velocity Estimations 
The values selected for the hydraulic gradient and Darcy Law velocity estimates were selected from 
the most suitable values available from the water level data. The suitability of the data is dependent 
the selection of hydraulic gradient and the reliability of the data. Since the hydraulic gradient has 
an effect on the calculated velocity estimation, the closest estimated hydraulic gradient to the ‘real’ 
hydraulic gradient within the area should be used as this would provide the closest value to the 
‘real’ velocity value, the ‘real’ hydraulic gradient should be considered to be the largest existing 
hydraulic gradient at that specific location. The consideration of the reliability of the data is 
influenced by: time of the data measurement, number of data points within area of concern, and 
the way in which the data is collected.  For the injection well: IP, the most suitable available data is 
the contouring from the April 2015 groundwater contour map, see Figure 11, although these 
groundwater level were measured before other forms of data collected, this data represents a large 
amount of data points and should be considered the most reliable data for calculating the hydraulic 
gradient within the area of injection well IP, the risk involved with the use of this data is that the 
hydraulic gradients have changed considerable over the period of three-months. The reason for not 
selected hydraulic gradients selected from the period of the tracer study is due to the hydraulic 
gradients calculated being relatively small and not representative of the ‘real’ hydraulic gradient at 
the location. For the injection well: MWG107A the most suitable available water level values can 





of the tracer studies. The hydraulic gradients calculated from water level from monitoring 
MWG107A and MWG101A provide a hydraulic gradient values that should be considered close to 
the ‘real’ gradient of the groundwater within this location.  
 
The geometric mean hydraulic conductivity (m/day) of 2.03 m/day, presented in Table 18, can be 
used for the Darcy Law velocity estimations. 
 
5.2.3.1.1 Injection Well: IP 
The water levels used were approximated by use of the groundwater contour map; two contours 
lines were selected within close vicinity of the injection well: IP, the distance between the contours 
line was measured and the values input into the gradient equation presented in Section 6: 
Groundwater Movement: 
 
The resulting gradient is input into the Darcy Law equation: 
 
 
5.2.3.1.2 Injection Well: MWG107 
The water levels are utilised from Table 5 and 6, water levels measured on any day during the period 
of the tracer study could have been utilised for the approximation, the monitoring round on the 
8th of June 2015 was selected for this interpretation, using the gradient equation presented in 
Section 6: Groundwater Movement: 
 
The resulting gradient is input into the Darcy Law equation: 
 
 
5.2.4 Vertical Transect: MWG107A to MWG112A 
A vertical transect from MWG107A to MWG112A that presents the elevated water levels was 
plotted and presented in Tables 17 – 18 and Figures 26 – 28 at three different time points 
(September 2013, April 2014, April 2015, and June 2015). MWG107A was the origin and the end 
point was 5 m away at MWG112A.  
 
𝑖(𝐼𝑃) =  
7.4 −7.3
3
 = 0.0333 (m/m)  
𝑖(MWG107) =  
7.394 −7.502
2.5
 = -0.043 (m/m)  
𝑣 (MWG107)  =   
2.03 𝑥 −0.043 
0.3
= -0.291 m/day  
𝑣 (IP)  =   
2.03 𝑥 0.0333 
0.3









Water Level (m AHD) 
MWG107A 0 8.381 
MWG101A 2.6 8.378 
MWG112A 5 8.351 




Figure 26 Water levels from MWG107A to MWG112 vertical transect – September 2013 


















































Table 18 Water levels from MWG107A to MWG112 vertical transect – April 2014 





Figure 27 Water levels from MWG107A to MWG112 vertical transect – April 2014 















































Distance from MWG107A (m)
April 2014 Distance from MWG107A (m) Water Level (m AHD) 
MWG107A 0 7.218 
MWG101A 2.6 7.371 





Table 19 Water levels from MWG107A to MWG112 vertical transect – June 2015 





Figure 268 Water levels from MWG107A to MWG112 vertical transect – June 2015 
Abbreviations: AHD, Australian Height Datum; m, metres. 
 
5.3 Velocity Comparisons 
Percentage differences were calculated between the results from the hydraulic gradient and Darcy 
law velocity calculation and the point dilution method and presented in Table 20.  
 
Table 20 Results of the percentage different comparison between the calculated estimated velocity 
methods 
Well ID 
Velocity - Hydraulic 
Gradient and Darcy Law 
Average Velocity - Point 
Dilution Method (m/day) 
Percentage Difference 
(%) 
IP 0.226 0.0268 88.1 






June 2015 Distance from MWG107A (m) Water Level (m AHD) 
MWG107A 0 7.394 
MWG101A 2.6 7.502 



























5.3.1 Field Duplicates  
Six field duplicates were taken during groundwater sampling of both tracer studies. A comparison 
between the primary sample and the duplicated samples using RPD were calculated.  The RPD 
measures the difference between the primary and the duplicate sample as a percentage of their 
average value. The results of the RPD calculations are presented in Table 21.  
 
Table 21 Results of the RPD calculations 
Well ID Date RPD 
MWG123 05/06/2015 23.37 
MWG107 06/06/2015 15.88 
IP 09/06/2015 0.39 
IP 12/06/2015 0.11 
MWG107 18/06/2015 3.11 
MWG107 20/06/2015 12.76 








The results from the analysis of the groundwater level monitoring data, both transducer and 
previous historical monitoring rounds, and the results of tracer studies will be discussed in detail 
within this section. The assessment of this groundwater level data aimed to identify evidence to 
provide conclusion of potential flow bypass occurring within the site. Based on the results the from 
groundwater level monitoring data and the two tracer studies, potential areas that may contain 
contaminated bypass flows have been identified. 
 
6.1 Groundwater Level Analysis 
Groundwater level monitoring data, both transducer and previous historical monitoring rounds 
have been analysed to identify potential areas at the site that may contain contaminated bypass 
flows. A judgement has been made on the reliability of the different forms of data. In addition to 
the previous monitoring conducted by Golder Associates the results of the on-site measurements 
of the well during the period of the tracer study has also been analysed.  
 
Golder Associates has conducted extensive water level monitoring of the site during the period 
from April 2014 to April 2015, presented in Figures 10 and 11 respectively. The results are 
considered the most reliable data available and provide more reliable contour maps in comparison 
with previous contour maps produced from 2007 and 2009 and the transducer data. The increased 
reliability is due to the large number of data points that were used in contouring the groundwater 
levels. The water level data collected pre-PRB installation in 2007 and 2009 had a limited amount 
of monitoring wells available for measurements and therefore the number of data points is 
restricted. This limitation weakens the confidence in the groundwater contour maps in the 2007 
and 2009 periods. 
 
The results based on April 2014 and April 2015 monitoring well data indicate the potential flow 
bypass at the south-western end of the PRB system. This is supported by evidence of groundwater 
vector flow lines that flow around the treatment system observed in Figures 10 and 11. In addition, 
the suggestion of the groundwater being contaminated is supported by evidence of an increasing 
TCE contamination within monitoring well, MWG115, located within close proximity of the 
bypassing groundwater flow vector paths. MWG115 has shown an observed increase of TCE 
concentration of 0.71 mg/L in October 2013 to 0.94 mg/L in April 2015. The increase in TCE 
concentration has become a concern at the site as it is above the Risk Base Criteria (RBC) May 





number of adverse health human risk. The increase in TCE concentration in monitoring well 
MWG115 may also be a result of the TCE plume moving south-west. In the instance that the TCE 
plume is moving south-west, which is a likely scenario supported by Golder Associates’ assessment 
of the plume contours, then TCE concentrations would be expected to increase in future, therefore 
further remediation works would be the recommended course of action. A secondary treatment 
system has been considered that would be designed to intercept this contaminated flow bypass, 
this secondary treatment system will be discussed in Section 7.1.3 Secondary Treatment System.  
 
The transducer data presents water levels from a seasonal recharge event in 2014, the results of 
the groundwater level contour mapping indicate that there is no significant observed trends in flow 
direction changes in the six-month period. Although seasonal recharge events have been suggested 
in tracer studies to cause contaminated plume bypass (Naftz et al, 1999; Ott, 2000), there is no 
evidence to suggest that there is any potential increase in contaminated bypass during seasonal 
period change within this study. The data was collected from five different monitoring wells at the 
site, as was the case with the water level data collected pre-PRB installation in 2007 and 2009. This 
limited amount of data point’s results in less reliable groundwater contour maps when compared 
with more recent contour maps that have been produced with significantly more data points. 
 
 Groundwater level measurements were conducted during the period of the tracer study, the 
results of one round of measurement is presented in Table 20. These results have been additionally 
presented in the form of a vertical transect, see figure 29. The vertical transect selected originates 
at MWG107A and ends at MWG112A, with MWG107A being the origin at a zero meters and 
MWG112A being the endpoint 5m horizontally away from the origin. Monitoring wells MWG101A 
and MWG123A residing 2.6m and 3.6m away respectively from the origin. It should be noted that 
MWG123A is not situated directly within the vertical transect. The results were presenting as 
vertical transects to provide a visual representation of the groundwater levels and the resulting 
gradient, see Figure 29. An up-gradient from MWG107A to MWG101A can be observed in this 
representation.  
 
6.2 Tracer Study 
 
The results of the fluorescein tracer injection and monitoring are presented in detail within this 
section. The movement of the tracer during the two studies were as expected when considering 





gradient from the injection wells based upon the groundwater level measurements taken during 
the tracer study.  
 
The current network layout of the monitoring wells is considered to be not ideal for the purpose of 
a tracer study, the initial Tracer Study A is considered to be most suitable in providing useful 
information to validate a bypass of the contamination groundwater flow paths at the site, although 
due to time constraints this study was not implemented.  
 
The possibility of the resulting decrease in tracer concentration within the injection wells have to 
be due to fluorescein being a degraded over the time over the 25-day tracer period is considered 
to be unlikely occurrence, although fluorescein has been identified through the literature review to 
be a degradable substance in conditions of strong sunlight, and fluctuating pH levels and 
temperatures, the tracer was not within these identified degrading conditions and therefore there 
is no evidence to suggest that the tracer is being degraded over time, however there is potential 
for an unidentified condition or substance that could promote the degradation of the tracer that 
has not been thoroughly considered.  
  
6.2.1 Tracer Study Plan B: Contaminated Plume Bypass of the ZVI 
There were no significant tracer concentrations detected in the monitoring well MWG114. The 
small 1 - 3 ppm concentrations that were detected, see Figure 21 and Table 10, are likely to be 
attributed to either tracer plume diffusion or error due to the limitations of the analysis process, 
discussed further in Section 6.2.3. There is a limitation on the analysis process due to a number of 
variables that can affect the results by attributing errors, the limitations are caused by such 
variables such as the groundwater samples can contain solid particles that can affect the 
absorbance (AU) of the sample and therefore influence measurement of the concentration of the 
solution, although care is taken in laboratory conditions during processes of diluting solutions and 
rinsing instrumentation and equipment, cross contamination and environmental variables are 
factors that needs to be considered when interpreting the results.  When taking into account these 
variables, measurement of low detection must be carefully considered. The insignificant detection 
of tracer concentrations within this well have been interpreted as a result of an indirect flow path, 
if flow paths were flowing directly or nearby the detection of the tracer would be expected to be 
of higher concentration than what is being observed. Based on the calculated velocity from the 
point dilution method results, the average velocity (m/day) of the groundwater flowing out of 
injection well IP is 0.0268 m/day and given that the distance between the injection well MWG144 





has not elapsed yet so no validated decisions can be made on the whether the groundwater is 
bypassing the ZVI barrier. The results of the contaminated plume bypass indicate that there no 
current evidence to suggest there is groundwater flowing out of the denitrification barrier and 
around the ZVI barrier, although it would be strongly recommended to continue monitoring 
MWG114.  
6.2.2 Tracer Study C: Lateral Movement of Groundwater through the PRB 
There were slight detections of tracer concentrations within both the monitoring wells MWG101A 
and MWG123A. MWG123A had a steady increase from day 2 (5th of June) to a peak of 4 ppm on 
day 11 (14th of June) which then decreases the following day, see Figure 24. MWG101A had a spike 
on day 9 (12th of June) at 8.9 ppm, see Figure 23, which is potentially an outlier and then steadily 
increased from 0.6 ppm to 3 ppm from day 15 to day 21 (18th to the 24th of June), these detected 
concentrations are relatively small in comparison to the injection well which suggests that diffusion 
from the tracer plume is most likely being observed rather than a direct tracer flow path. The lack 
of significant detection in MWG101A suggests that the tracer flow direction is not ideal as it is not 
flowing in the intended flow path (perpendicular to the PRB). This is further supported by the lack 
of significant detection in well MWG123A. The early steady increase from 0.6 ppm to 3 ppm in well 
MWG123A from day 2 to day 11, see Figure 24, may indicate tracer diffusion from the flow path 
and not direct tracer diffusion from the initial source point, well MWG107A. It may be hypothesized 
that this flow path favours the west direction, and this results in slight detection in well MWG123A 
preceding detection in MWG101A, indicating that MWG123A is closer to the flow path than 
MWG101A. If the flow path favoured the east direction, we would expect detection in MWG101A 
before MWG107. Although this hypothesis is not supported by groundwater flow vectors, which 
suggests the flow is moving north. It has been suggested by Golder Associates that if the flow 
vectors are calculated from the three monitoring wells MWG107A, MWG101A and MWG123A that 
it does not accurately represent the actual groundwater flow as it is a highly complex flow regime.  
The lack of elevated tracer concentrations within the monitoring well MWG101A and MWG123A 
within the period of the tracer study may indicate that the groundwater is initially moving 
backwards from the PRB system or alternatively parallel to PRB system. If the groundwater is 
initially moving backwards it would be expected to be turning at some point as it would eventually 
be meeting the higher water table elevations to the northwest of the PRB. The initial backwards 
flow of groundwater within this zone is supported by Figure 24, which presents the vertical transect 
of a section of the PRB. Other explanations for the lack of tracer concentration detected in the 





although a slight detection at the monitoring wells may be expected.  It is important to consider 
that the area within this study is a highly complex flow regime.  
Initial explanations on the lack of detection in the monitoring wells MWG123A and MWG112A was 
thought to be due to a lack of connectivity between the A-series to the rest of the networks within 
the PRB, this may be further explained through the existence of a clay layer within the PRB at 
MWG107A. This clay layer may be a cause of the up-gradient observed Figure 29 and may further 
explain the reason for the lack of detection of significant tracer concentrations with the monitoring 
wells MWG101A and MWG123A. This clay layer may be interfering with the groundwater recharge 
by effectively functioning as a physical barrier; this is a consequence of physical characteristic of 
clays having low hydraulic conductivity and low permeability. This conclusion is supported by the 
lack of detection of the monitoring wells.  
 
6.2.3 Point Dilution Method Results and Comparison 
Based on the calculated velocity from the point dilution method results, the average velocity 
(m/day) of the groundwater flowing out of injection well MWG107A is 0.2055 m/day and given that 
the distance between the injection well and MWG101A, and MWG123A is 2.6 m and 3.5 m 
respectively, we would expect the tracer peak concentration to arrive on the 13th day and the 18th 
day, respectively.  
 
 REPORT LIMITATIONS  
 
There are a number of limitations that are identified in this report. The selected UV-visible analysis 
method, and sampling method may be an imprecise process, there a number of variables that can 
affect the resulting concentrations, firstly the method is based on a calibration of a number of 
different samples therefore subject to a large number of variables such as human error and 
environmental conditions, if the study was to be improved in future a number of quality measures, 
such as filtering, would be considered to reduce interference of background environmental 
conditions, such as background absorbance levels . The results may have been affected by the 
groundwater samples containing solid particles that can have affect the resulting absorbance and 
thus affect the calculated concentration, although a method was introduced to filter the samples 
this approach was only implemented halfway through the tracer study. Time has limited the extent 
of the confidence within the results. It is recognised that if more time was available and 
groundwater monitoring could continue, the results would be of supported with increased 
confidence and the outcome of conclusions within the report, unanticipated circumstances 







A review of the project objectives is addressed below: 
 “Understand the hydrogeology of the site”: Knowledge of the hydrogeology of the site has 
been furthered and improved through detailed analysis of previous and current groundwater 
level data and the results of the tracer study. The defining conclusion on whether the 
hydrogeology is completely understood would be that it is not completely understood, the 
groundwater within the site is a complex system and more information needs to be 
gathered; additional tracer studies possess capabilities to further understand the 
hydrogeology at the site. 
 “Identify potential flows that bypass the sequenced PRB”: Potential flows that bypass the 
sequenced PRB have been identified through detailed analysis of previous and current 
groundwater level data and the results of the tracer study. The results support the concern 
that flows may be bypassing the PRB system at least during certain periods (such as 
monitored in this study). 
 “If flow bypasses are present, validate them and suggest reasons for their existence”: Flow 
bypasses were not validated through the tracer study, although areas of flow bypass were 
identified, and a number of reasons for the lack of detection were investigated in both tracer 
studies.  
 “If significant contaminated flow is bypassing suggest remedial measure”: This objective will 
be addressed in Section 8.1.3: Secondary Treatment System. 
The significance of performing this hydrological assessment at the site through analysis of ground 
water level monitoring data and tracer studies is to gain further information on the groundwater 
system and ultimately improve the understanding of the hydrogeological system at the site. 
Improving the understanding of hydrogeological system allows us to make more confident 
assumptions, projections and conclusions on past, current and future groundwater flow patterns. 
Having the ability to make conclusions on current and future groundwater flow patterns allows 
remedial managers to put in remediation measures, if necessary, before the level of contamination 
becomes of a concerning degree and consenting in harmful potentially harmful to either the 






It can be concluded that the lack of detection within the monitoring wells indicates that the 
monitoring wells were not within the correct location for the tracer studies. If future tracer studies 
were going to be conducted at the site, this would have to be accounted for.  
 
 RECOMMENDED FUTURE WORKS 
9.1 Further Tracer Studies 
In order to confidently conclude whether there is contaminated plume or flow bypassing the 
treatment system, more tracer studies will have to be conducted. This will involve installing new 
monitoring wells in locations that will provide more adequate information concerning the flow of 
the groundwater, and ultimately definitively conclude on whether flow bypass exists at the site. 
Increasing the time of the tracer study would provide more confidence with the resulting data. 
Ideally the initial tracer study, tracer study: A, should have been implemented as this study 
effectively captures am up-gradient contaminated monitoring well, which is suitable for injection 
and down-gradient monitoring well that resides within a bypassing area of the PRB treatment 
system, the information gathered from this tracer study would effectively gather information that 
could lead to a decision on whether a contaminated ground plume flow is or is not bypassing the 
treatment system in that particular area of concern.  
 
9.2 Redeployment of Transducer 
The current position of the transducers are not in the most optimum position to assess potential 
contaminated flow bypass at the south-western portion of the PRB system. Recommendations are 
made to reposition the five transducers to more optimum locations to assess groundwater level at 
this potential area of concern. The ideal locations for deployment are within the monitoring wells: 
MWG115, MWG114, MWG113, MWG62 (currently deployed) and MWG63. These wells are within 
close proximity to each other and would provide detailed information on groundwater level 
changes and the hydraulic gradient. 
 
9.3 Secondary Treatment System 
A secondary treatment system is currently being considered by Golder Associates, the outcome of 
whether a secondary treatment should be implemented is a question of whether the contaminated 
plume is bypassing the current duel barrier and if so, whether this contamination warrants further 
remediation action. A recommended course of action would be to consider additional tracer tests 
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11.1 Hydraulic Conductivity from Historical Tracer Tests Conducted at 
the Site 
Table 22 present lateral hydraulic conductivity values from slug test conducted between 2005 and 2009. 
 


























A (2 m) 0.012 - - 0.019 0.00478 - - 0.024 0.01 
B (4 m) 0.18 - 7.83 0.722 1.25 56.16 - 0.26 1.63 
C (6 m) 17.9 - - 0.73 0.44 - - 1.34 1.67 
D (8 m) 1.34 1.27 - 2.24 - - 44.06 - 3.6 
Geometric 





11.2 Job Safety Analysis (JSA) Worksheet 
JSA prepared by: Daniel Kirby 
JSA prepared for: Daniel Kirby         
  Date: 25/05/2015 
Site name: Former Waste Control Site, Bellevue     
Activity: Tracer Injection and Groundwater Sampling  
Table 23 JSA for Activities involved in groundwater monitoring and tracer injection 
Activity Hazards Risk Control Measures Who is responsible? 
Hand Auger 
Damage to hands, 
potential back injuries. 
Wear protective gloves 
and correct auguring 
practise 
Daniel Kirby 
Injecting set up and 
mixing tracer 
Skin or eye contact from 
tracer solution 
Wear disposable gloves 
and safety glasses. 
Daniel Kirby 
Pouring tracer 
Skin or eye contact from 
tracer solutions 
splashing back 
Wear disposable gloves 
and safety glasses. 
Daniel Kirby 
Set up and installation of 
low-flow pump 
Physical hazards 






Contact with potentially 
contaminated 
groundwater 
Wear disposable gloves 
and safety glasses when 
collecting sample to 





Isolated conditions with 
no support in event of 
unforeseen 
circumstances 
Frequent check-ins with 
supervisors 
Daniel Kirby and 
designated partner. 
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